clays are studied using digital image correlation. Local pore water pressure (pwp) transducers are also used to determine whether localized deformation is accompanied by non-uniformities of excess pwp.
Background General aspects of quick clays
During the last glaciation, marine clays were formed in Scandinavia. When the ice disappeared, the land rose, and over the next 10.000 years, sodium chloride was leached from the marine clays (Rosenqvist 1953) . Large amounts of marine clays became "quick" clays, which are defined in Norway as sensitive clays with remolded shear strength of less than 0.5 kPa. Quick clays' natural water content (w) is higher than their liquid limit (w L ). Norwegian quick clays are brittle and have a plasticity index of less than 10%. Thakur and Degago (2012,2014) , Thakur et al. (2013 Thakur et al. ( ,2014 have demonstrated that remolded quick clay behave as a viscous fluid rather than a plastic solid.
Quick clays are typically classified according to their sensitivity (S t ), which is the ratio of the intact shear strength (c ui ) to the corresponding remolded shear strength (c ur ) according to the results of fall cone tests performed with the same water content. Several classification systems have been proposed in the literature (Skempton and Northey 1952; Rosenqvist 1953; Norwegian Geotechnical Society [NGF] 1974) . These classifications are presented in Table 1 .
Undrained behavior of quick clays in triaxial compression
Quick clays in Scandinavia are soft and very sensitive to disturbance during sampling. Fig. 1 shows the results of conventional undrained triaxial compression tests on Tiller quick clay using two different samplers with diameters of 54 and 160 mm. Despite the fact that both D r a f t samplers were used carefully, higher peak strength was found in the sample obtained from the larger sampler. Sample disturbance also affects pre-consolidation pressure, which is measured by oedometer tests and shown in Fig. 1 . The high-quality 160-mm-diameter block sample had higher pre-consolidation pressure than the 54-mm-diameter sample. Lacasse et al. (1985) and Lunne et al. (1997) suggested that sample disturbance causes partial microstructure collapse prior to loading. Quick clay samples exhibit strain softening when sheared in undrained conditions. In line with the contractive behavior exhibited by quick clays in these conditions, positive excess pwp is generated by undrained compression. This is evidenced by the effective stress path presented in Fig. 1 . Minimal sample disturbances result in lower pwp build-up prior to failure and higher pwp during strain softening. Interestingly, the effective strength parameters, such as the cohesion (c) and friction angle (φ) at failure, are unique to the tested material regardless of sample disturbance. The results of a triaxial test of six different soft sensitive clays performed by Thakur et al. (2014) shows that undrained soft sensitive clays exhibit strain softening due to shear-induced pwp, not cohesion and friction softening, at strain levels of 10-20%. However, at very high strain levels, cohesion and friction softening may occur.
Stability of quick clay slopes in undrained conditions
Rapid deviatoric loading beyond the peak leads to pwp build-up in quick clays. In a zone of concentrated shear deformation, pwp will increase in line with shear deformations. However, if failure does not occur immediately, the pwp will decrease with time and increased effective stresses and shear stress capacity in the band. Two counterbalancing mechanisms can be observed: increasing shear deformations will increase local pwp, and local drainage will reduce pwp (Fig. 2) . The rate of loading and the material response to stress change according to the pwp inside and outside the shear band, and this will control the process of failure in the D r a f t material (Bernander 2002; Thakur et al. 2005; Jostad et al. 2006; Thakur 2011; Gylland et al. 2012; Jostad et al. 2014 ). In the current paper, this behavior is studied experimentally using plane strain tests with appropriate loading rates under globally undrained conditions.
Literature review of studies involving plane strain testing of finegrained materials
In recent decades, many experimental studies have examined strain localization in a variety of geomaterials, including rock, sandstone, sand, stiff clays, and soft clays. The formation and orientation of shear bands in sand is comprehensively discussed by Desrues and Viggiani (2004) and the several studies cited therein. Finno and Rhee (1992) , Viggiani et al. (1994) , Lizcano et al. (1997) , Viggiani et al. (2001 ), Chen (2004 , Yuan et al. (2013), and Gylland et al. (2014) confirm that shear banding may take place in both contractive and dilative clay specimens, but in the latter, the onset of localization is delayed until cavitation occurs in the pore fluid.
Only a few experimental studies have conducted plane strain compression testing of soft clays (e.g., Topolnicki et al. 1990; Finno and Rhee 1992; Lizcano et al. 1997; Cheng 2004; Yuan et al. 2013) . Most of these studies have focused on shear band thickness, local dilatancy angle, void ratio near the shear band, and orientation of the shear band. A recent study by Yuan et al.
(2013) investigating two medium plastic silty clays measures the dilatancy of the shear bands and local pwp near these bands and further away. Viggiani et al. (1994) studied the formation of shear bands in stiff clays in an undrained plane strain compression apparatus. Marello (2005) also investigated the propagation and formation of shear bands in stiff clays using a plane strain compression apparatus. The false relief stereo photogrammetry technique was used for image correlation in both studies. They also report D r a f t local changes in pwp within the specimen at the onset of localization. However, local changes in pwp were not registered after the onset of localization because of local drainage of pwp within the clay specimen.
Cheng (2004) studied the formation and propagation of cracks in organic clays. Three different strain rates are applied: 0.5 mm/hr, 1 mm/hr, and 5 mm/hr. The tests result in the formation of cracks near the top plate. Pwp is measured at the center of the ends of specimens.
Cheng concludes that soft organic clays exhibit strong discontinuity, exhibited as cracks or interfaces rather than shear bands. Gylland et al. (2014) performed an experimental investigation of the formation and propagation of shear bands in Norwegian sensitive clay using a modified triaxial cell that allows for shear band formation. They study the effect of various displacement rates on the onset of strain localization and on the softening response of the tested material. Reduced shear band thickness and shear band inclination approaching 45º were observed in response to increasing displacement rates. Mitchell and Wang (1973) and Boudali (1995) conducted a series of true triaxial tests on two different Canadian sensitive clays. Boudali (1995) and Amundsen et al. (2017) suggest that the overconsolidation ratio of the quick clay deposit varies from 1.3 to 1.6 and the effective earth pressure coefficient at rest
) is 0.6. A low-sensitivity soft clay specimen (T6) was also tested. This sample was taken from the same area, but its sensitivity and remolded shear strength were 20 and 1.5 kPa, respectively. Thus, it is not a quick clay, although it is still sensitive.
The plane strain apparatus
The plane strain apparatus at Laboratoire 3SR was originally developed in Grenoble by Desrues (1984) and was later modified by Hammad (1991) . The device is similar to those developed by Vardoulakis and Goldscheider (1981) and Drescher et al. (1990) in that the apparatus is specifically designed to allow free shear-band formation in a soil specimen. A 34-mm-thick prismatic specimen surrounded by a latex membrane is mounted between two rigid glass plates to create the plane strain conditions. In this study, the initial height and width of the specimen (in the plane of deformation) are 120 mm and 60 mm, respectively.
The sidewalls allow photographs to document the in-plane deformation of a specimen during the test. The glass surfaces that will be in contact with the specimen are lubricated with silicone grease to minimize friction. The plane strain apparatus is shown in Fig. 3 . Further details regarding the apparatus and testing procedure can be found in Desrues and Viggiani's (2004) study and the references cited therein.
Specimen preparation and instrumentation
Large specimens (120 mm x 60 mm x 34 mm) were carefully cut from the 95-mm-diameter samples. Although the standard sampler size in Norway is 54 mm, a 95-mm sampler was used in this study to achieve higher-quality samples, in line with Lacasse et al. (1985) and Lunne et al. (2007) . A block sampler was not available. To avoid disturbing the sensitive quick clay specimens, a special method for mounting the specimens in the plane strain apparatus had to be developed. A splitting-and sliding-type stainless steel mold was prepared to place the D r a f t specimen on a stretched latex membrane. The inner mold holds the specimen, while the outer shell stretches the membrane, which allows for minimum disturbance. This process is explained by a set of photographs in Fig. 4 .
Once the specimen is placed inside the membrane, two temporary supports are attached to it.
These supports were needed to transfer loads (such as self-weight and external forces) directly from the top plate to the bottom plate without damaging the quick clay sample while fixing the top plates, connecting the drainage lines, and inserting the pwp transducers. The supports were removed only after the specimen was completely mounted in the apparatus. O-rings were used to seal the point of contact between the membrane and the top and bottom plates. for more information on this procedure). Care was taken to ensure that the pwp probes were in contact with the surface specimen and kept at their initial locations. As seen in Fig. 5 , a mesh was printed on the membrane before mounting. A series of 10-megapixel digital photographs were taken during the compression tests.
Test program
A series of plane strain tests were conducted, each of which involved consolidation followed by undrained compression (Table 3) . Consolidation stress was applied in an x-z plane (Fig. 5) and chosen based on the expected level of in situ horizontal effective stress (60-70 kPa).
Previous experiments have shown that consolidation to higher effective stresses may destroy transported quick clay samples. A small backpressure of 10-15 kPa was applied. Tests were run under controlled displacement, and two rates of axial shortening were applied: 0.06 mm/min and 0.006 mm/min (note that the former is the rate typically used in undrained triaxial tests on quick clay). Globally undrained conditions were created by closing the drainage valves. Table 3 provides a short summary of the experimental program.
During the consolidation phase, two-way vertical drainage was allowed through the top and bottom of the sample. In this phase, plane strain conditions need to be maintained. It is possible that the thickness of the specimen (orthogonal to the sidewalls) can decrease, leading to the formation of a gap between the specimen and sidewalls. Therefore, consolidation stress had to be carefully selected and applied in order to maintain full contact between the sample and the sidewalls. Full contact appeared to be maintained for all tests reported herein.
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Shear stress and deformation pattern of quick clays
The shear stress (t) and deformation patterns recorded during the tests are presented in Fig. 7 .
Here, t is determined by (σ z ' -σ x ' )/2, where σ' is the effective stress and z and x represent the vertical (axial) and horizontal directions of the plane of deformation. Peak shear stress (t p )
varied from 20-30 kPa in quick clay samples and was about 60 kPa for the non-quick clay sample (T6). Failure axial strain (ε p ) varied from 2-8%. As expected, we observe strain softening after a peak, except for T1, which demonstrate low peak strength and thus is believed to be disturbed. For the other samples, peak shear stress was reduced by 30-50% when they were sheared at a nominal axial strain level (vertical deformation of the sample top divided by the initial sample height) of 10-15%. Normalized peak shear stress (t p /σ zo ') in the quick clay specimens was 0.25-0.35. Here, σ zo ' is the in situ effective vertical stress. T6
shows a surprisingly high value: 0.5. The observed range of t p /σ vo ' is similar to that reported by Gylland et al. (2014) for quick clay.
The results show that quick clays tested under plane strain compression exhibited non-smooth stress-strain patterns. However, Fig. 1 suggests that quick clays exhibit a smooth stress-strain response when subjected to undrained triaxial loading. This difference in the stress-strain response in the triaxial and plane strain test results could be attributed to the imposed boundary conditions (stick slip between the glass plates) and/or the emergence and propagation of shear bands during the tests (see Scavia et al. 1997; Charrier et al. 2001; Viggiani et al. 2001; Marello et al. 2003; and Desrues and Viggiani 2004) .
The emergence and propagation of shear bands during the undrained shearing phase were recorded by a continuous movie for tests T1, T3, and T4 and by a series of 10-Megapixel D r a f t images taken at different nominal axial strain levels during tests T2, T5, and T6. Image analyses were performed using the Davis V8.0 (2015) digital image correlation (DIC) tool.
DIC is a mathematical tool for assessing the spatial transformation (including translations and distortions) of two digital images. It allows regions of a photographed object to be tracked automatically from one digital image to the next, enabling the measurement of displacements.
A strain field can be derived from the measured displacement field based on the gradients of the derived displacements and assumed continuum. A number of textbooks and papers describe this technique in detail, such as Hall (2012) and the many references therein.
DIC analyses were carried out for the T2, T5, and T6 tests, and the measured total and incremental shear strain distributions are presented in Figs. 7, 8, and 9, respectively. The incremental strain distributions were obtained from two consecutive images, while the total strain distributions were obtained by comparing an image with its initial image. It must be noted that the correlation between two images taken over long intervals may obscure certain important information; therefore, the selected intervals should be rather small to accurately capture deformation behavior. In a later part of this paper, the onset, formation, and propagation of bands during the tests were investigated with pwp non-uniformity, denoted ∆p w . Here, ∆p w refers to the difference between the two probes' pwp readings.
T2 test
The t and nominal axial strain (ε) are presented in Fig. 7 along with the maximum deviatoric strain distribution resulting from the correlations for images taken from the start (P0) to the end (P8) of the test. The pwp non-uniformities ( The DIC results indicate that the formation of shear bands in these tests on quick clay is progressive, asymmetric, and complex. The total and incremental shear strain distributions suggest that the shear bands propagate smoothly and gradually and that they are non-unique and keep fluctuating throughout the test (see Fig. 7 ). This observation indicates that certain parts of the shear bands must be subjected to more strain softening than others. The failure process continues until a kinematic mechanism is formed and divide the sample into several shear bands and non-localized zones. The shear strain inside the localized zones (e.g., ~30%
for P0-P8) is three times the globally applied nominal strain (~10% at P8). Nominal axial strain of 10% corresponds to deformation of 12 mm. Accordingly, the thickness of a shear D r a f t band could be 36 mm. The exact thickness of shear bands is difficult to measure in membrane-wrapped specimens. At the end of the test, the orientation of the shear bands varied from 45-50º from the horizontal planes since they were curved.
T5 test
The results for P2-P3 show gradual growth of localized shear zones. The results for P3-P4
show a distinct shear band emerging from the upper left edge of the specimen prior to the peak. The P4-P5 and P5-P6 results vaguely indicate a completely developed shear band that is amplified in P6-P7 at a 53° inclination from the horizontal planes. In the post-peak region, a new shear band emerges upward from the lower left of the specimen and proceeds toward the center (P6-P7). Finally, the results for P7-P8 reveal a nearly cross-shaped shear band inside the specimen, but the majority of localized strains are concentrated inside the original shear band observed at the peak, and the other shear band from the lower left to the upper right edge does not seem to grow. Similar to the T2 test, at the end of this test, the maximum shear strain inside the localized zones (e.g., ~30% for P0-P8) is three times the globally applied nominal strain (~12% at P8). However, at the peak shear stress (P4-P5), the thickness of the shear band was only 4-5 mm. The thickness of the shear bands increased in the localized zones towards the end. The DIC analysis shows that new shear bands emerge and fluctuate throughout the test. 
T6 test
Discussion of local pwp measurements
The effective stress paths, which are determined by measuring pwp at the two probe locations, are presented in Fig. 10 . Local pwp causes the two stress paths to differ in each test. In addition, minor differences in residual pwp at the end of the consolidation stage lead to different effective stresses at the probe locations. The local effective stress paths observed in the tests are plotted on s' -t plots. In this figure, s' represents the mean effective stresses
represents the effective stresses, and z and x represent the vertical (axial) and horizontal directions, respectively, in the plane of deformation shown in Fig. 5 . The positive pwp generated during the tests confirms that quick clays exhibit contractive behavior during undrained shearing. The irregularity in the initial part of the effective stress paths in some tests could be partially due to stick slip friction against the glass walls.
In an s' -t plot, a stress path with a slope of 1:1 corresponds to drained plane strain compression. Parts of the stress paths in this study have such an inclination, which may suggest that there could be some air in the measurement system. Focus was actually on this issue during testing and the procedures used for saturation of the system were aiming at excluding air. However, the results suggest that in spite of all attempts to avoid air, the saturation of the measurement system was not 100%.
Another consequence of the issue is that most of the effective stress paths do not end on the Mohr Coulomb failure line, simply because of local pwp variations. It was impossible to measure pwp in the shear band, and thus average pwp could not be obtained to correlate with the average total stresses, s and t.
The measurements obtained from the two pwp probes were quite different. This difference was partially caused by variations in residual pwp at the end of the consolidation stage; residual pwp is highest at the center of the sample. To focus on differences in the development of pwp towards failure, the pwp data shown in Figs. 7, 8, and 9 are reset to zero at the start of the shearing stage, which corresponds to nominal axial strain (ε) of 0%, while 
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There was much less excess pwp in the tests run at 0.006 mm/min (T5 and T6) compared to the tests run at 0.06 mm/min (T1-T4). However, the opposite result was expected based on previous experience with quick clay; rapid tests normally show higher peak strength and lower pwp, while slow tests show less peak strength, earlier collapse, and higher pwp. At the beginning of the tests, T5 and T6 tended to build more excess pwp, but pwp decreased with increasing deformation. The current results indicate that there is some air in the system and that globally undrained conditions were not achieved. Phenomena such as dissipation into filter stones will become more pronounced over time. Thus, T5 and T6 show rather low pwp and the stress paths in Fig. 10 are "more drained" than the others. The results of all the tests run at 0.06 mm/min indicate that pwp did not experience many peaks or sudden drops during shearing. However, the tests run at 0.006 mm/min show more complex variations in pwp.
Pore water pressure non-uniformities
It can be difficult to directly measure pwp inside shear bands because it is impossible to predict the location of shear bands prior to the test. However, measurements near the shear bands may also provide significant information related to the onset of localization and local 
Conclusions
This study presents the behavior of quick clays under plane strain conditions. Localized deformations occur in fluctuating shear bands before a final failure mechanism is formed. A DIC analysis revealed that the process by which shear bands are formed in quick clays is quite complex. The formation of shear bands was progressive, asymmetric, and seemingly random, and the shear bands fluctuated throughout the tests. The accumulated strain inside the shear bands was as high as three to four times the applied nominal axial strains. The failure process continued until a kinematic mechanism is formed, dividing the sample into several shear bands and non-localized zones. The pwp measured at two different locations on the surface of the quick clay samples shows that shear banding leads to significant variations in the build-up of pwp within the sample, followed by local drainage of pore water. The local effective stress paths suggest that unloading was prevented in the neighboring soil material due to the influx D r a f t of pore water to this soil from the shear bands. If the observation is correct, this implies that failure is less brittle than it might have been otherwise. The pwp measurements show that differences in locally measured pwp may indicate the onset of localization and gradual progression of shear bands inside the tested samples. The differences in locally measured pwp are rather modest in this study, which focused on quick clays, and are not as abrupt or large as previous studies that investigated stiff clays. This may be due to the low level of stress in the present study and some sample disturbance, which is hard to avoid when working with quick clays. A decrease in pwp non-uniformities was often observed when the shear bands were fully developed. However, these non-uniformities increased when the shear bands propagated or grew progressively. This study shows that the formation and propagation of shear bands are complex in quick clays. Viggiani, G., Finno, R.J., and Harris, W.W. 1994 Tiller quick clays sampled using a 54-mm-diameter cylinder and a 160-mm-diameter mini Sherbrook block sampler developed by Emdal et al. (2016) . The CUC tests were done at a strain rate of 1.2%/hr, and the CRS tests were done at 6.0%/hr. The properties of the tested materials are shown in Table 2 . Here, M is the odometer modulus, ε v is the volumetric strain, p' is the mean effective stress, and q is the deviatoric stress. D r a f t Figure 1 . Illustration of the effect of sample disturbance on the results of a consolidated undrained triaxial compression (CUC) test and a constant rate of strain (CRS) oedometer on Tiller quick clays sampled using a 54-mm-diameter cylinder and a 160-mm-diameter mini Sherbrook block sampler developed by Emdal et al. (2016) . The CUC tests were done at a strain rate of 1.2%/hr, and the CRS tests were done at 6.0%/hr. The properties of the tested materials are shown in Table 2 . Here, M is the odometer modulus, εv is the volumetric strain, p' is the mean effective stress, and q is the deviatoric stress. 0.1-0.3 Sensitivity, S t , [-] 83-180 Over-consolidation ratio [-] 1.3-1.6 D r a f t 
